Abnormalities in serotonin systems are presumably linked to various psychiatric disorders including schizophrenia and depression. Medications intended for these disorders aim to either block the reuptake or the degradation of this neurotransmitter. In an alternative approach, efforts have been made to enhance serotonin levels through dietary manipulation of precursor levels with modest clinical success. In the last 30 years, there has been little improvement in the pharmaceutical management of depression, and now is the time to revisit therapeutic strategies for the treatment of this disease. Tryptophan hydroxylase (TPH) catalyzes the first and rate-limiting step in the biosynthesis of serotonin. A recently discovered isoform, TPH2, is responsible for serotonin biosynthesis in the brain. Learning how to activate this enzyme (and its polymorphic versions) may lead to a new, more selective generation of antidepressants, able to regulate the levels of serotonin in the brain with fewer side effects.
Introduction
Depression is a serious medical disorder that presents with wideranging symptoms, including depressed mood, loss of interest or pleasure, feelings of guilt or low self-worth, low energy and poor concentration. Over 121 million people are affected by this disease around the world, and approximately one in six Americans will suffer from it during their lifetime (Krishnan and Nestler, 2008) . Aside from the mortality associated with suicide, depressed individuals are more likely to develop coronary artery disease and diabetes (Knol et al., 2006; Krishnan and Nestler, 2008; Musselman et al., 2003) , and when they occur, outcomes and mortality tend to be worse. Furthermore, depression worsens the prognosis of other concurrent chronic medical conditions (Evans et al., 2005; Gildengers et al., 2008; Krishnan and Nestler, 2008) and also has a deep impact on the families of those affected (van Wijngaarden et al., 2009) . All in all, the economic burden of depression is estimated to be in the range of US$80-100 billion per year in the United States alone (Greenberg et al., 2003; Pincus and Pettit, 2001) .
In the early 1970s, deficiencies in the neurotransmission of serotonin (5-hydroxytryptamine or 5-HT; Figure 1 ) were linked to depression (Meltzer, 1989) . Based on this, a theory was postulated that depression results from a deficiency of monoamine function (5-HT or norepinephrine), commonly referred to as the monoamine hypothesis of depression (Wong and Licinio, 2004) . Thus, chemicals that enhance 5-HT action by either blocking its uptake from the synaptic cleft or inhibiting its degradation have been widely used as antidepressants Wong and Licinio, 2004) . Also, alterations in the levels of the tryptophan in the brain, the main precursor to serotonin, were found to rapidly affect the rate at which serotonin was synthesized (Fernstrom and Wurtman, 1971; Wurtman, 1986) . Thus, efforts to achieve increases in the serotonin levels through the dietary manipulation of tryptophan, in foods or supplements, were undertaken with modest success (Wurtman, 1988) . Serotonergic dysfunctions have since been linked to many other neuropsychiatric illnesses including obsessive-compulsive disorder, schizophrenia and autism (Mockus and Vrana, 1998; Veenstra-VanderWeele and Cook, 2004; Zhang et al., 2006) . However, it is important to note that serotonin is not the only story and that dysregulation of other neurotransmitters, such as norepinephine and dopamine, have also been implicated in the etiology of depression (Nutt, 2006) .
Until the late 1980s, depression was primarily treated with electroconvulsive therapy and drugs such as tricyclic antidepressants (TCAs) and monoamine oxidase inhibitors (MAOIs) (Licinio and Wong, 2005) . The majority of the TCAs act as serotonin-norepinephrine reuptake inhibitors (SNRIs) by blocking the serotonin and norepinephrine transporters and producing a rise in the extracellular concentrations of these neurotransmitters and therefore an enhancement of neurotransmission . In contrast, MAOIs increase the concentrations of monoamines by preventing the degradation of the neurotransmitters by the enzyme monoamine oxidase. While TCAs and MAOIs are effective at treating the symptoms of depression, they also can cause severe adverse reactions and toxicity in overdose .
In the early 1980s, selective serotonin reuptake inhibitors (SSRIs) were introduced. These drugs (see Table 1 ) also increase the availability of monoamines in the synapse between neurons, but they do so by specifically and selectively inhibiting the uptake of serotonin. Although these treatments have provided valuable relief to millions of patients around the world, they take weeks to exert full efficacy, 60-70% of patients fail to reach remission on initial treatment, and many fail to take the medicine as directed due to side effects (de Bodinat et al., 2010) . While there are a number of alternate treatments available, nextstep options when an SSRI fails to produce remission are ambiguous, and most antidepressants employ similar pharmacologic mechanisms. With the exception of the melatonin agonist/ serotonin (5-HT) 2C antagonist agomelatine, there have been no major breakthroughs in the pharmaceutical management of depression despite massive advancements in the field of neuroscience over the past 30 years (de Bodinat et al., 2010; Kennedy, 2009; Spedding et al., 2005) .
There is an obvious and compelling public-health need for conceptually novel antidepressants capable of rapidly and safely treating patients. A better understanding of serotonin biosynthesis may provide opportunities for developing such novel approaches. Rather than block the reuptake or the degradation of serotonin, we suggest exploring the direct activation of brain serotonin synthesis as a novel approach to treating depression. It is our hope that this strategy will open the door to a new, more selective and effective generation of antidepressants with fewer side effects.
Brain serotonin biosynthesis
The biosynthesis of serotonin involves the hydroxylation and decarboxylation of the essential amino acid tryptophan ( Figure 1 ). Tryptophan hydroxylase (TPH) catalyzes the first and rate-limiting step in this process. Subsequent decarboxylation of 5-hydroxytryptophan by the aromatic amino acid decarboxylase (AADC) produces serotonin (Carkaci-Salli et al., 2006) . TPH, together with tyrosine hydroxylase (TH) and phenylalanine hydroxylase (PAH), belongs to the aromatic amino acid hydroxylase family, a small group of monooxygenases that utilize tetrahydrobiopterin (BH 4 ) and molecular oxygen as substrates ( Figure 1 ), in the presence of iron as a cofactor (Fitzpatrick, 1999) . In eukaryotes, these enzymes are homotetramers composed of subunits comprising a catalytic domain in between an N-terminal regulatory domain and a C-terminal tetramerization domain ( Figure 2) (Fitzpatrick, 1999) . The catalytic domains are highly homologous and thus their catalytic mechanisms are thought to be similar; however, sequence identities between the regulatory domains are low, suggesting that they may be subject to distinct regulatory mechanisms (Fitzpatrick, 1999) .
For many years, a single gene encoding TPH was believed to be responsible for all serotonin synthesis in vertebrates. However, a second gene encoding a different isoform of TPH (TPH2) was discovered in 2003 (Walther et al., 2003) . While TPH1 was found to be expressed in the periphery and the pineal gland (McKinney et al., 2005; Zhang et al., 2004) , the newly discovered variant, TPH2, was found to be preferentially expressed in the brain (almost exclusively in the raphe nuclei) (Patel et al., 2004) . Thus, TPH2 is thought to be responsible for the majority of serotonin synthesis in the brain (Alenina et al., 2009; Gutknecht et al., 2008; Savelieva et al., 2008) . TPH1 and TPH2 share considerable sequence identity, particularly within their catalytic domains; nevertheless, their regulatory domains differ ( Figure 2) (Murphy et al., 2008) .
Structure and regulation of TPH2
The characterization of both TPH1 and TPH2 has been hindered by the fact that TPH is a particularly unstable enzyme; in addition, formation of insoluble inclusion bodies in bacteria has limited its purification in large quantities (Carkaci-Salli et al., 2006) . Despite this, expression of recombinant TPH2 has been achieved in Escherichia coli and some mammalian cell systems such as PC12 and HEK cells (Carkaci-Salli et al., 2006; McKinney et al., 2005; Winge et al., 2007; Zhang et al., 2004 Zhang et al., , 2005 . From protein produced through these expression systems, a few structural properties of TPH2 have been revealed. TPH2 shares a 71% sequence identity with TPH1(McKinney et al., 2005) ; however, TPH2 contains an 'extended' regulatory domain with an additional 41 amino acids absent in TPH1 ( Figure 2 ). This region of the protein is thought to be involved in the regulation of enzyme expression (Murphy et al., 2008) and it has been found to increase TPH2's instability (Carkaci-Salli et al., 2006) . To date, no crystal structure of TPH2 has been elucidated; however, information can be extrapolated from available crystal structures for TPH1 (Wang et al., 2002; Windahl et al., 2008) . A crystal structure of the catalytic domain of human TPH1 with bound dihydrobiopterin (BH 2 ) and iron shows the catalytic domain of TPH1 to be similar to the catalytic domain of PAH with either BH 4 or BH 2 bound (Wang et al., 2002) . The crystal structure of the catalytic domain of chicken TPH1 bound to tryptophan and iron shows the binding of tryptophan causes structural changes in the catalytic domain compared with the structure of the human TPH1 without tryptophan (Windahl et al., 2008) . Similar structural changes have been observed to occur in the catalytic domain of iron-bound PAH upon binding of substrate analogues (Andersen et al., 2003) .
While little is known about the mechanisms that regulate TPH2's function, a fair amount of information has been collected on the regulation of TH and PAH activity. TH is subject to feedback inhibition by catecholamine products and is also subject to allosteric regulation. In the case of TH, heparin, phospholipids, and polyanions have all been shown to reversibly interact with the enzyme to produce an increase in enzymatic activity. These effectors are thought to bind to the regulatory domain of TH protein and produce a conformational change that activates the enzyme (Kumer and Vrana, 1996) . Moreover, TH is known to be regulated presynaptically in vivo by a number of autoreceptor feedbackmodulated events (reviewed in Dunkley et al., 2004) . In the case of PAH, its substrate, phenylalanine, has been found to act as an allosteric activator (Kobe et al., 1999) . Recent findings support a model in which phenylalanine binding causes a conformational change in the regulatory domain that alters the interaction between it and the catalytic domain of the protein (Li et al., 2010) . As a member of the aromatic amino acid hydroxylase family, it is conceivable that TPH2 will be subject to some form of feedback or allosteric regulation yet to be discovered. No direct evidence of such regulation has been observed to date; however, knowledge of TPH2's control mechanisms may open the doors to new ways of increasing brain serotonin levels.
Post-translational modification of TPH2
Post-translational modifications (PTMs) have been shown to regulate protein function and interactions (Young et al., 2010) . Given the central importance of TPH2, it is likely that this enzyme will be regulated through several types of PTMs at multiple sites throughout the protein. Within the regulatory domain 'extension' unique to TPH2, the enzyme is known to be phosphorylated on Ser19 by both protein kinase A and Ca 2+ /calmodulin dependant protein kinase II in vitro (Kuhn et al., 2007; Murphy et al., 2008; Figure 2 . The structures of tryptophan hydroxylase 1 (TPH1) and tryptophan hydroxylase 2 (TPH2). The two isoforms of this enzyme contain a C-terminal tetramerization domain (shown in dark gray), a catalytic domain (in white) and an N-terminal regulatory domain (in gray). In TPH2, the regulatory domain contains 41 'extra' amino acids that TPH1 lacks. Within this N-terminal 'extension', TPH2 is phosphorylated at Serine 19. Nonsynonymous polymorphisms found on human TPH2 are shown. Psychiatric diseases associated with particular mutations are noted; polymorphisms for which no diseased phenotype has been found are also shown. Winge et al., 2008) (Figure 2 ). This modification results in increased stability and activity (Kuhn et al., 2007; Murphy et al., 2008) . Moreover, 14-3-3 proteins have been shown to bind this modification, further stabilizing TPH2 . The only other established TPH2 phosphorylation site is Ser104. It is likely that many other PTM sites and binding partners for TPH2 remain undiscovered.
We hypothesize that the PTM of TPH2 could play an important role in the regulation of this key enzyme. For instance, increased nocturnal serotonin synthesis in the pineal gland has been shown to be mediated by the phosphorylation of TPH1 at serine 58 (Huang et al., 2008) ; however, in the 8 years since its discovery, in vivo PTMs of TPH2 and their consequences on enzyme activity remain poorly characterized. Furthermore, it is possible for a phosphorylation site to affect phosphorylation (or other modifications) on other sites of the protein. Such hierarchical phosphorylation has been shown to occur for TH both in vitro and in situ: phosphorylation of TH at Ser19 increases the rate of Ser40 phosphorylation leading to an increase in the enzyme's activity (Dunkley et al., 2004) . Thus far under-utilized in this context, newly developed techniques, including high-end proteomic methods, have the potential to uncover key information regarding the in vivo regulation of TPH2.
TPH2 defects are linked to depression
To date, over 300 single nucleotide polymorphisms have been identified in the human TPH2 gene (Zhang et al., 2006) . Some of these have been associated with mental disorders, including several types of depression. For instance, R441H (the arginine residue at position 441 converted to histidine) and P206S (proline-206 converted to serine) have been associated with unipolar and unipolar and bipolar depression, respectively (Cichon et al., 2008; Zhang et al., 2005) . Both mutations result in decreased thermal stability and an increased rate of aggregation of TPH2 in vitro, supporting a role for these mutations in the clinical phenotype (Cichon et al., 2008; Haavik et al., 2008; Zhang et al., 2005) .
Aside from structural effects, it is possible for mutations to hinder TPH2's function in diseased individuals by creating or eliminating PTM sites. For example, a recently discovered mutation in the regulatory domain of TPH2 (S41Y; serine-41 converted to tyrosine) has been identified to be associated with bipolar disorder and peripartum depression in a Chinese population (Lin et al., 2007 (Lin et al., , 2009 . S41Y significantly reduces the capacity of the enzyme to produce serotonin (Lin et al., 2007) . S41 is a highly conserved residue in mammalian TPH2 and thus it is likely that this residue will be important in the regulation of TPH2 (Lin et al., 2007) . Furthermore, as S41 is in a potential protein kinase site (Gnad et al., 2007) , it is possible for its importance to stem from its PTM. Moreover, the substitution of a tyrosine may create an alternative kinase substrate. Other non-synonymous TPH2 mutations have been discovered, but have yet to be associated with specific behavioral phenotypes ( Figure 2) (Haavik et al., 2008) .
TPH2 as a novel drug target
TPH2 offers a brain-specific, novel pharmacological target for antidepressant discovery, potentially bypassing the side effects produced by the stimulation of the peripheral serotonergic system (Matthes et al., 2010) . Moreover, given the growing number of coding region polymorphisms in TPH2, it is clear that some individuals may be uniquely suited to increasing the activity of the enzyme. The biggest obstacle in achieving pharmacological activation of TPH2 is how little we know about this enzyme; a great deal of research is needed to overcome this hurdle. In order to increase serotonin levels, a first approach might be to increase the levels of TPH2 enzyme (Figure 3) . Theoretically, this could be achieved through transcriptional activation of the TPH2 gene; however, little is known about the promoter region of the gene and this strategy is unlikely to be specific only to the intended target gene, thus the probability of extraneous gene activation would be high. Furthermore, the interference of epigenetic mechanisms, such as histone and DNA modification, is likely to compromise such approach. Epigenetic factors have been extensively implicated in the etiology of numerous neuropsychiatric disorders (Plazas-Mayorca and Vrana, 2010) . For instance, inhibitors of histone deacetylases have been recently found to have antidepressant actions (Covington et al., 2009) .
Another possibility to increase the expression of TPH2 in the brain is the use of gene therapy. Viral vectors have been shown to be an efficient way to transduce cells in the central nervous system (Eckman and Eckman, 2005; Marr et al., 2003) . However, this approach poses significant challenges, such as issues of delivery and safety, which are unlikely to be addressed in the near future. Figure 3 . A novel approach for the treatment of depression based on the activation of serotonin biosynthesis must be both selective and feasible. While gene therapy and transcriptional activation aimed at the TPH2 gene may be selective, these approaches are not currently feasible. On the other hand, dietary manipulation of precursor and co-substrate levels is very feasible, but not selective, and activation of TPH1 in the periphery is liable to produce unwanted side effects and decreased utility. Thus, the selective pharmacological activation of TPH2 may be the best compromise between feasibility and selectivity to yield an improved generation of antidepressants with fewer side effects.
A more feasible approach to repopulate the antidepressant drug pipeline would entail directly boosting serotonin synthesis in the brain. Figure 3 displays some possible mechanisms by which TPH2 could be stimulated to directly increase the production of 5-HT. A first approach would involve the administration of tryptophan and/or BH 4 . Lack of tryptophan in the diet has been linked to decreases in tissue tryptophan and in brain serotonin (Young and Leyton, 2002) . In fact, due to the low concentrations of precursors in the brain, TPH is generally assumed to be only half-saturated (Markus, 2008) . As a consequence, changes in tryptophan availability have a direct impact on the rate of 5-HT synthesis. Such a direct association is not the case for other neurotransmitters. For example, TH is usually more than 75% saturated with its substrate (Markus, 2008) . While this approach is certainly intriguing, increasing precursor levels to stimulate TPH2 would most likely activate TPH1 as well, resulting in undesirable side effects. Indeed, supplementation with tryptophan and 5-hydroxytryptophan ( Figure 1) has been proven to increase brain serotonin concentrations and have modest antidepressant effects (Birdsall, 1998; Wurtman, 1986 ); in addition, as this approach increases serotonin in the periphery, it also results in gastrointestinal side effects (Turner et al., 2006) . Supplementation with BH 4 has been used to enhance PAH in the treatment of phenylketonuria (Moens and Kass, 2006) , however, and so it is incompatible with the exclusive activation of TPH2.
An effective alternative to enhance serotonin levels would be to directly and selectively activate TPH2. In this way, side effects arising from peripheral serotonin could be avoided (Figure 3) . Targeting TPH2 specifically would increase the efficiency of potential antidepressant medications (Matthes et al., 2010) . Furthermore, given the correlation between TPH2 polymorphisms and depression, TPH2 genotyping could be used to identify those patients that are at unique risk because of reduced serotonin biosynthesis and so would respond particularly well to a treatment exploiting TPH2 activation.
It is important to note that we are proposing activating or 'turning on' TPH2. While pharmaceutical discovery efforts generally focus on enzyme inhibitors, the tide is turning and perhaps a dozen non-natural, small molecules that activate enzyme catalysis have been identified within the past decade (Zorn and Wells, 2010) . In an effort to discriminate between TPH1 and TPH2, pharmacological agents should target the first 41 residues on the N-terminal regulatory domain of TPH2 ( Figure 2 ) as these are unique to this isoform. Low-molecular weight compounds or short peptides could exploit potential allosteric mechanisms and/ or PTM-dependent activation of the enzyme. In fact, small molecules have already shown some degree of potential as pharmacological chaperones capable of stabilizing TH in vitro (Calvo et al., 2010) .
Although the selective pharmacological activation of TPH2 we propose might be able to bypass many side effects brought by the effects of serotonin increase in the periphery, such therapy would still affect the serotonergic system; therefore, this tactic might still encompass some of the issues inherent in current medications, including the several-week delay in treatment response. While treatments modulating serotonergic activity are likely to continue to be important in the fight against depression, there are other promising therapeutic approaches affecting other mechanisms, including potassium channel TREK1 agonists (reviewed in Honore, 2007) , substance P (NK-1) and corticotrophin-releasing factor (CRF)-1 receptor antagonists (reviewed in Rakofsky et al., 2009) , among several others.
Summary and outlook
Deficiencies in the levels of the neurotransmitter serotonin in the synapse have been hypothetically linked to various psychiatric disorders, including depression. The discovery of TPH2, specifically responsible for serotonin synthesis in the brain, has provided a new target for antidepressant discovery. Several diminished function, coding-region polymorphisms in human TPH2 have been associated with various types of depression, highlighting the importance of this enzyme in the etiology of the depression.
Understanding the physiological regulation of TPH2 is a key issue in the development of better medications with the potential to help millions of patients suffering from diseases resulting from serotonergic dysfunctions. Increasing the production of serotonin through pharmacological activation of TPH2 represents a novel therapeutic strategy. This new approach might lead to a more selective generation of antidepressants, able to regulate the levels of serotonin in the brain with fewer side effects. Elevating brain, but not peripheral tryptophan hydroxylase activity might ameliorate the incidence of gastric side effects, as well as bleeding problems and weight changes. On balance, therefore, it may be a propitious time to explore a novel approach to antidepressant therapy development. Specifically, targeting the brain-specific TPH2 will boost the serotonin stores and evoked release of the neurotransmitter. Coupled with genotyping for TPH2 polymorphisms, this may open the door to individualized treatments for depression.
